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Abstract: 
The present paper reports the optimization of solid 
circulation rate (SCR) in Compartmented Fluidized 
Bed Gasifier (CFBG), an indirectly heated fluidized 
bed that incorporates two sets of v-valves and risers to 
control the solid circulation across the two 
compartments, i.e. combustor and gasifier of a pilot 
plant scale (the height and ID are 1.8m and 0.66m 
respectively). Sand was used as inert fluidized by air. 
Four operating variables were studied i.e. bed height, 
riser, v-valve and main bed flowrate. Based on 24 full 
factorial design of experiment in Yates’ algorithm, at 
confidence level ≥ 95%, ANOVA analysis has revealed 
six important effects. The steepest ascent method was 
applied on linear regression generated from these 
effects to design the subsequent optimization 
experiments. The optimum values of SCR have been 
estimated for both low and high bed level at specific 
operating parameters.    
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1. Introduction 
Power generation using biomass is currently receiving 
mass attention from industries and academics due to its 
sustainable characteristics as compared to conventional 
fossil fuel [1]. For this purpose, biomass gasification in 
fluidized beds has been identified, as one of the most 
promising technologies [2]. Within this option, 
indirectly heated biomass gasifier with dedicated 
vessels or compartments for combustion and 
gasification reactions is likely to be more superior than 
directly heated type in producing fuel gas (typically 
lower heating value of 10-15 MJ/Nm3) suitable for 
direct firing in gas turbine.   
 
Solid circulation rate (SCR) is a critical operating 
parameter for this technology. In general, SCR has to 
be stable, yet flexible and large enough to satisfy the 
requirement of mass and heat transfer between the two 
reaction zones [3].  
 
Solid is usually circulated by the additional hot air 
and/or steam that mostly do not require to participate in 
the reactions, although they do react but only to a very 
small extent. Excessive use of these gases results in 
waste of energy and money that eventually makes this 
technology economically not viable. This is evident in 
a recent review paper of dual fluidized-bed biomass 
gasifiers where the authors concluded that only 10% of 
the supplied steam is converted, while the remaining 
90% leaves the gasifier unreacted [4].  
 
SCR also influences the rate of particle attrition, 
erosion and entrainment, contribute to additional 
pressure drop and cross contamination of gases 
between reaction zones, which in turn dilutes the 
product gases or causes adverse reactions [5]. In short, 
failure to operate at optimum state of SCR would cause 
problems to the process, damage the instruments, lower 
the quality of product gases and cause financial loss. 
 
There are numerous publications on mathematical 
modeling of SCR [6]-[7]. However, these correlations 
are complicated, have limited applicability and a lot of 
uncertainties. In addition, the requirement of extensive 
experimental verifications prior implementation, 
resulting efforts spent only to test the models. Yet, the 
ultimate goal is to identify the optimum conditions in 
the actual operation. 
 
 Factorial design of experiment offers a better 
alternative, capable of discovering the optimum 
conditions. This approach is also more efficient and 
economical as all variables are altered simultaneously, 
hence requiring only a minimum set of experiments. 
Experimental data can then be systematically analyzed 
in Yates’ algorithm and ANOVA [8] to give insight on 
the main and interaction effects of these variables. 
These data, selected based on their significance, is then 
used for the regression analysis that can be done using 
standard statistical software. By applying the steepest 
ascent method [9], the regression analysis provides the 
basis to design the subsequent experiments specifically 
to identify the optimum values. 
 
The optimization of SCR is implemented in a novel 
indirectly heated gasifier termed as Compartmented 
Fluidized Bed Gasifier (CFBG) that has been the 
subjects of study in both hot and cold conditions [9], 
[10]-[13]. Previous researchers [9], [11] have identified 
4 important operating parameters i.e. bed height, riser, 
v-valve and main bed flowrate that affects the SCR. 
Thus, the same parameters are selected for the present 
study. In our recent published paper [12]-[13], based 
on 24 full factorial design in Yates’ algorithm, ANOVA 
analysis showed that SCR is strongly influenced by six 
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important effects. The present paper reports the 
subsequent study on SCR optimization using 
regression analysis and steepest ascent method.  
 
2. Experimental Setup   
CFBG cold flow model was constructed with a height 
of 1.8m and ID of 0.66m divided into two chambers of 
60:40 cross sectional area ratio for combustor and 
gasifier. Figure 1 and 2 show the experimental set up 
and CFBG isometric view. Sand with particle density 
and mean diameter of 2620 kg/m3 and 362 microns 
respectively was used as inert, fluidized with air.    
 
Fig.1: Experimental set-up (1:rotameter; 2:plenum; 
3:perforated distributor; 4:combustor; 5:gasifier; 6:v-
valve; 7:riser; 8:water manometer) 
 
 
          Fig. 2: Isometric view of CFBG. 
     
3. Methodology 
 
3.1 Working Principle   
CFBG is a partitioned reactor with devices to control 
the solid circulation across the compartments. The 
solid circulation is achieved via a combination of v-
valve and riser. Aeration through the bed and a set of 
v-valve and riser establishes a pressure gradient across 
the v-valve orifice that drives the solids from one 
compartment to the other. Through a second set of v-
valve and riser, the solid is circulated back. 
 
3.2 Solid Circulation Rate Determinations 
There have been many works on the technique to 
determine SCR [9], [11], [14]-[17]. These techniques 
developed by previous researchers can be categorized 
as direct and indirect. In direct method, direct 
collection of entrained solids is employed [9]. On the 
other hand, there are various options available on 
indirect methods such as using tracer particles [14], 
installing solid-velocity measuring device [15], using 
optical sensor [16], measuring pressure drop in 
circulation loop [17] and measuring bed pressure drop 
with its initial response curve [11]. Method [11] has 
been adopted due to its simplicity and reliability. 
 
3.3 Factorial Design Experiments  
Table 1 shows the 24 full factorial design of 
experiments with high and low level that are selected 
based on operational requirement. Other than bed 
height in metric (m), all three aerations are specified in 
dimensionless terms, i.e. bed, riser and v-valve aeration 
ratio (U/Umf) term respectively. All the experiments are 
carried out with two replicates. 
 
Table (1): 24 factorial design for SCR [17]-[18] 
Variables Code Low level (-1) 
High level 
(1) 
Bed aeration A 1.3 1.7 
Riser aeration B 8 12 
V-valve aeration C 5 9 
Bed height  D 0.2 0.4 
 
4. Results and Discussion 
 
4.1 Statistical Analysis   
The experimental results are arranged in Yates’ 
algorithm as shown in Table (2). At confidence level ≥ 
95% (f ≥ 4.54), ANOVA analysis shows that there are 
6 most important effects namely B, C, D, BD, ABC 
and ABCD [17]-[18].  
 
The riser aeration (B), v-valve aeration (C) and bed 
height (D) are expected to be significant as these 
variables directly affect the pressure gradient between 
the compartment and the interconnecting unit, i.e. v-
valve and riser. The exclusion of bed aeration (A) is 
due to the fact that within the bubbling bed operating 
region (1-2.5 U/Umf), the static bed pressure drop 
(driving force for solid circulation) remains constant. 
In addition, the interacting effects namely BD, ABC 
and ABCD are likely to explain the occurrence of gas 
cross-flow or leakage that affect the SCR as reported 
previously [9], [11].    
 
At the first approximation of the regression analysis, all 
these dominating effects are included and assumed to 
have a linear relationship. Using standard statistical 
software, the SCR linear regression is 
 
SCR  =  -13•B + 34•C + 3426•D + 352•BD               (1) 
–2•ABC + 8•ABCD - 1239 
   
302
Table (2): Results of statistical analysis on SCR (kg/hr) [17]. 
SCR Yates’ analysis TC Kb Kr Kv hb R(I) R(II) R(I)+R(II) I II III IV 
ANOVA 
SOS f-value 
1 -1 -1 -1 -1 55 65 120 177 1083 2752 30302 -  
A 1 -1 -1 -1 19 39 58 906 1669 27549 -540 9110 1.44 
B -1 1 -1 -1 215 282 496 417 13025 -144 5895 1086091 171.40 
AB 1 1 -1 -1 218 192 410 1252 14525 -395 -129 518 0.08 
C -1 -1 1 -1 117 97 214 5559 -149 1564 2084 135745 21.42 
AC 1 -1 1 -1 88 115 203 7467 4 4331 648 13122 2.07 
BC -1 1 1 -1 321 298 618 6051 -445 3 621 12066 1.90 
ABC 1 1 1 -1 330 304 634 8473 50 -132 1133 40130 6.33 
D -1 -1 -1 1 1298 1441 2739 -62 729 586 24797 19215583 3032.44 
AD 1 -1 -1 1 1444 1375 2820 -86 836 1499 -251 1968 0.31 
BD -1 1 -1 1 1946 2050 3997 -12 1908 153 2767 239181 37.75 
ABD 1 1 -1 1 1717 1753 3470 16 2423 495 -135 567 0.09 
CD -1 -1 1 1 1630 1502 3132 81 -24 107 913 26047 4.11 
ACD 1 -1 1 1 1436 1483 2919 -526 27 514 343 3673 0.58 
BCD -1 1 1 1 2097 2009 4105 -213 -607 51 407 5171 0.82 
ABCD 1 1 1 1 2365 2003 4368 263 475 1082 1031 33194 5.24 
R(1) and R(II) = replications of experiment; TC = treatment condition; SOS = sum of square. 
 
 
        Fig. 3: Residual analysis for SCR  
 
The R-square value for Equation (1) is 0.99 indicating 
valid assumption as shown in Fig. 3. Linear regression 
(1) is then used to design the subsequent experiments 
to identify the optimum values.  
 
Using method of steepest ascent [18]-[19] and given 
that the objective of the study is to identify the 
maximum SCR for a given bed height (D), i.e. low 
(0.2m) and high (0.4m) bed level, the experimental 
variable with the highest coefficient is v-valve (C) flow 
rate. In Equation (1), the coefficient for B is negative 
while for C is positive and therefore the subsequent 
experiments are based on reducing B while increasing 
C. The optimization process is carried out using normal 
steps of –0.76 and +2 respectively. Since main bed 
flow rate (A) does not show any significant individual 
effect, it is kept at 1.7Umf to allow better mixing [20]. 
The result obtained is shown in Table (3).  
 
 
 
Table (3): Optimization of SCR at different bed height 
with constant main bed flow rate (A) at 1.7Umf 
Riser 
(B) 
V-valve 
(C) SCR (kg/hr) 
U/Umf U/Umf D = 0.2m D = 0.4m 
9.24 7 419 1702 
8.47 9 409 1664 
7.71 11 512 1857 
6.94 13 540 1754 
6.18 15 595 1743 
5.41 17 656 1769 
4.65 19 562 1666 
 
For low and high bed level, the maximum SCR are 
found to be of 656 and 1857 kg/hr respectively. These 
occurred at v-valve and riser flowrate of 5.41 and 
17Umf in low bed level while for high bed level, it is at 
7.71 and 19Umf respectively.  
 
5. Conclusion 
Based on 24 full factorial design of experiment 
arranged in Yates’ algorithm, at confidence level ≥ 
95%, ANOVA analysis showed that there are 6 
important effects namely B, C, D, BD, ABC and 
ABCD. Using these important effects to generate linear 
regression and taking the path of steepest ascent, the 
subsequent optimization experiments were conducted 
based on reducing riser while increasing v-valve 
flowrate. The main bed (A) flow rate was fixed at 
1.7Umf. The optimum SCR value for low and high bed 
level is found to be 656 and 1857 kg/hr respectively. 
The corresponding v-valve and riser flowrate for both 
of the optimum conditions are 5.41 and 17Umf in low 
bed level while for high bed level, it is at 7.71 and 
19Umf respectively.  
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